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Abstract 
Brewster angle microscopy and atomic force micros-
copy were used to characterize the surface morphology 
of thin films in situ or after transfer onto solid supports. 
Two acids were studied, differing in carboxylic acid 
head groups, resulting in significantly different morpho-
logical features for thin films formed from these two 
amphiphiles on a Langmuir trough. Differences in self-
assembly and domain sizes were correlated with the 
formation of hydrogen-bonded networks. The influence 
of surface hydrophobicity or hydrophilicity during 
deposition on morphology was also characterized, with 
spherulitic features appearing in some samples. 
Key Words: Atomic force microscopy (AFM), Brews-
ter angle microscopy (BAM), hydrogen-bonded network, 
ultrathin organic films, self-assembly , Langmuir-
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Introduction 
Ultrathin organic films have recently attracted atten-
tion due to their considerable importance in electrical 
rectification, conduction/redox activity, non-linear op-
tics, and as templates for nucleation and growth of crys-
tals [ 4, 5, 7, 8]. The organization of these films is dif-
ferent from those formed in bulk solution because the al-
kyl chains in the ultrathin organic films are packed and 
restricted to small spatial domains perpendicular to the 
film surface. Alkyl chain length influences the self-
assembly of alkoxy substituted isophthalic acids (CnlSA) 
in the bulk and generates ribbon-, sheet and channel-type 
structures in the three-dimensional crystal lattice [2]. It 
is important to explore the arrangement of these mole-
cules within organic thin films because they organize 
differently than conventional surfactants with pseudo-
hexagonal lattices [4]. The organization of CnISA with-
in films is different due to a cross-sectional mismatch 
between the head and tail and their ability to form hy-
drogen-bonded networks. 
In the present study, we directly observe the self-as-
sembly of 5-hexadecyloxyisophthalic (C16ISA, Fig. la) 
and assembly of 4-hexadecyloxybenzoic (C16BA, Fig. 
lb) acids on a water surface via Brewster angle micros-
copy (BAM). These observations are further explored 
with atomic force microscopy (AFM) on transferred 
monolayers to characterize surface morphology. 
Material and Methods 
The synthesis of C16ISA and C16BA and their phys-
ical properties are described elsewhere [2]. The C16ISA 
is designed to have the flexibility of the alkyl substitu-
ents (hydrophobic end) coupled to hydrogen-bonding 
bulky head groups (hydrophilic end) to generate self-as-
sembling, well-defined, periodic two-dimensional net-
works. The C16ISA and C16BA Langmuir monolayers 
were prepared on a water subphase in a Nima round 
trough (Nima Technology Ltd., Coventry, UK) which 
was mounted on a vibration isolation system MOD-2 
{Nanofilm Technol. (NFT), Gottingen, Germany}. The 
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Figure l. Amphiphilic molecules used for monolayer 
formation: (left) 4-hexadecyloxybenzoic (C 16BA), and 
(right) 5-hexadecyloxyisophthalic (C 16ISA) . 
amphiphiles were solubilized in ethyl alcohol and 
CHC13. The subphase temperature was kept constant at
 
21 °C by circulating water around an aluminum support 
of the trough. The pure water for the subphase was first 
purified from tap water via reverse osmosis in a Milli-
RQ 10 plus unit (Millipore Corp., New Bedford , MA) 
and then further refined by a Milli-Q plus recycling 
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deionizer-active charcoal filter unit to a specific 
resistivity of 18.2 MO-cm. These monomolecular films 
were deposited at different surface pressures (10 and 20 
mN/m) on either hydrophilic or hydrophobic surfaces of 
polished (001) silicon wafers by Langmuir-Blodgett (LB) 
technique according to a standard procedure [6, 7]. 
The direct visualization of the c 16ISA and C 16BA 
microstructures on various subphases was achieved with 
the BAM 1 plus (NFT) (resolution about 5 µm) and re-
corded on videotape [6] . The surface morphology of the 
monolayer films was characterized by AFM. Atomic 
force micrographs were obtained at ambient temperature 
with the Nanoscope IIIA-Dimension 3000 microscope 
(Digital Instruments, Inc . , Santa Barbara, CA) according 
to an established procedures [10]. For scanning on a 
large scale, tapping mode was used to avoid damage of 
soft monolayer surfaces [10]. All AFM images were 
repeatedly observed and were stable under experimental 
conditions . 
Results and Discussion 
Before deposition of the C16ISA and C 16BA mono-
layers on solid substrates, in situ microstructures were 
characterized on the water subphase in the trough. Im-
mediately after C16ISA was spread, we observed the for-
mation of large ( - 0.5 mm2) two-dimensional domains 
(Fig . 2) without applying surface pressure ( - 0 mN/m). 
These domains were homogeneous in thickness and had 
large areas of constant chain tilt, which was visualized 
by using the BAM analyzer. The areas of different 
molecular orientation exhibited strong optical contrast 
for certain positions of the analyzer [9]. The sponta-
neous appearance of large C16ISA domains could be 
caused by self-assembly processes via the formation of 
hydrogen-bonded networks . This network would form 
due to the presence of the meta-disposed carboxyl 
groups of the C16ISA benzene rings. In this model, 
each molecule resides in a rectangular lattice and inter-
acts with two neighbors through hydrogen bonding along 
the b direction and a further two molecule s via van der 
Waals forces along the a direction (Fig. 3). The 
C16ISA monolayer was very stable on the water surface 
and large domains were preserved even after several 
cycles of compression and decompression . In contrast, 
we did not observed any self-assembly for C 16BA in the 
absence of applied surface pressure. The c 16BA con-
tains one carboxyl group in para-position to the alkyl 
chain of benzene ring versus the metadicarboxylic acids 
in the C16ISA (Fig. la). Based on molecular modeling 
and Fourier-transformed infra-red (FTIR) data (paper in 
preparation), C16BA would not be expected to form a 
self-organized hydrogen-bonded network under these 
conditions. 
Organic thin films with hydrogen bonded networks 
Figure 2. Brewster angle micrograph of c 16ISA monolayer on a water surface without applying surface pressure 
(~ 0 mN/m). 
Figure 3. Schematic representation of the C16ISA molecular arrangement within the monolayer. In this model, each 
molecule resides in a rectangular lattice and interacts with two neighbors through hydrogen bonding along the b direction 
and a further two molecules via van der Waals forces along the a direction . 
In the absence of applied surface pressure, C16BA 
exhibited growing crystallites that were thread-like in 
appearance and not homogeneous (Fig. 4) . The growth 
was no longer isotropic, several "threads" grew from a 
common point, in comparison with the one-dimensional 
growth of C16ISA from a common center in different 
directions. Under applied pressure (starting from 
20 mN/m), the monolayer formed relatively large 
(0.2 mm2) homogeneous domains that tended to dis-
appear after decompression . 
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The combination of BAM with AFM analysis was 
effective in characterizing the monolayer surface mor-
phology and organii:ation. The AFM study of the 
C16ISA and C 16BA monolayers deposited on hydrophilic 
substrates agrees well with BAM observations of these 
monolayers on the water subphase. The monolayers de-
posited on the silanized hydrophobic substrate show 
different surface textures than those on the hydrophilic 
substrate. The reason for the different observations is 
that the interfacial interaction between the hydrophilic 
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Figure 4. Brewster angle micrograph of C16BA monolayer on a water surface without applying surface pressure 
(~ 0 mN/m). 
--- - --------------------------------------------------------------------------------------
groups of the monolayer and the hydrophobic surface 
becomes weaker with an increase in the surface energy 
difference . Therefore, the corresponding crystalline 
state of the monolayer on the water surface could not be 
transferred and maintained on the hydrophobic substrate 
since the surface energy of the substrate is different 
from that of the water surface. 
The C16ISA monolayer deposited at 10 mN/m on a 
hydrophilic silicon surface uniformly covered the sub-
strate with relatively large domains (Fig. 5, top) . This 
micrograph agreed qualitatively with the BAM observa-
tions described earlier . On the micrometer scale, the 
monolayers of C16ISA obtained at 10 mN/m on a hydro -
philic substrate were relatively smooth , with a roughness 
of 0.4 nm determined by variation of the monolayer 
thickness. The monolayers featured a number of holes 
( ~ 0.2 µm diameter) homogeneously distributed over 
the surface area . The distribution of these holes was 
non-random based on Fourier-transformation of mono-
layer surfaces (Fig. 5, bottom). Diffuse halos on the 
Fourier-image indicated the presence of short-range posi-
tional ordering with an average distance between holes 
of 0. 7 µm. The depth of the monolayers is about 0. 8 
nm and this may indicate propagation of the holes 
through only part of monolayer. 
The C16ISA monolayer deposited on the hydrophilic 
support at a pressure of 20 mN /m shows typical mor-
phology of a collapsed monolayer with very uneven sur-
face roughness rising to 0.9 nm. The observation of this 
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behavior could be due to the fact that, in this pressure 
range, the rigidity of the hydrogen-bonded network be-
comes maximal and interferes with the deposition proc-
ess. Apparently, during the deposition process, this film 
starts to break up in spite of its stability on the water 
surface . 
The surface morphology of the C 16ISA monolayers 
deposited at higher surface pressures (20 mN/m) on a 
hydrophobic silicon wafer surface (Fig . 6) differs dra-
matically from that discussed earlier. Surface roughness 
increased to 1.3 nm and a significant portion of the 
monolayer had spherulitic-like features. These "two-di-
mensional spherulites" (- 1-2 µm across) were com-
posed of two curved beams grown from one nucleus . 
The thickness of the beams was about 4.4 nm, very 
close to the expected thickness of a bilayer with close to 
normal orientation of the alkyl tails. A number of mate-
rials in which spherulitic crystallization has been ob-
served before include high polymers crystalliz.ed from 
the melt and substances which, in certain temperature 
ranges, exist as liquid crystals [1, 3]. 
The C16BA monolayer deposited at 10 mN/m on a 
hydrophilic silicon surface showed non-uniform surface 
coverage with significantly smaller domains than the 
c 16ISA monolayer (Fig. 7). These data agree qualita-
tively with BAM observations. The surfaces of the 
C16BA monolayer deposited on different substrates are 
relatively smooth (roughness of 0.2-0.4 nm) but unstable 
under the local pressure produced by the AFM tip. The 
Organic thin films with hydrogen bonded networks 
8 .00 Figure 5 (at left). Top. Atomic force micro-
graph of C16ISA monolayer deposited at 10 
mN/m on hydrophilic silicon surface. Bottom. 
The Fourier-transformation of C16ISA mono-
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depth of the holes produced as a result of plastic defor-
mation of the monolayers is about 1.3 nm and 2.4 nm 
for the hydrophilic and hydrophobic supports, respec-
tively. At higher surface pressure ( ~ 20 mN/m), for 
this monolayer deposited on the hydrophilic support, we 
observed the formation of mono- and multilayer areas 
with thicknesses from 2.3 nm, 4.4 nm and 5.5 nm. 
These areas are relatively smooth (root-mean-square 
roughness is about 0.4 nm) and stable under the scan-
ning conditions. 
Conclusions 
Brewster angle microscopy was used to observe 
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organic molecule self-assembly on a water surface. By 
changing the position of the BAM analyzer with respect 
to the polarizer from 0° (only the p-polarized light is 
allowed to pass through the analyzer) to 90° (only the 
s-polarized light is allowed to pass through the ana-
lyzer), areas of different molecular orientation were ob-
served for C16BA monolayer s and were not observed for 
homogeneous C 16ISA mono layer domains (Litvin et al., 
submitted to Langmuir) . The C16ISA is self-assembling 
on a water surface via formation of a hydrogen-bonded 
network with very large 2-D domains ( ~ 0.5 mm2) and 
these domains are preserved after several cycles of com-
pression and decompression . The c 16BA is not self-
assembling and forms relatively large homogeneous do-
mains under the applied pressure but they tend to dis-
appear after decompression . AFM surface morphology 
data of C16ISA and C16BA monolayers qualitatively 
agreed with the BAM observations. We observed a uni-
formly covered silicon substrate with relatively large 
domains for C16ISA and non-uniformly covered sub-
strate with significantly smaller domain size for C16BA. 
Spherulitic-like organi7.ation has been observed for 
c 16ISA monolayers deposited on a hydrophobic sub-
strate. 
References 
[l]. Bassett DC (1984) Electron microscopy and 
spherulitic organi7.ation in polymers. CRC Crit Rev: 
Solid State Mater Sci 12, 97-163 . 
[2] Enkelman V, Valiyaveettil S, Moessner G, 
Mullen K (1995) Self-assembly of 5-alkoxyisophthalic 
acids: Alkyl chain length dependence for the formation 
A.L. Litvin et al. 
Figure 6. Atomic force micrograph of 
C16ISA monolayer deposited at 20 
mN /m on hydrophobic silicon surface. 
Figure 7. Atomic force micrograph of 
C16BA monolayer deposited at 10 
mN/m on hydrophili c silicon surface. 
0 
of channel-type and sheet-type structures. Supramolec 
Sci 2, 3-7. 
0 
[3] Keith HD, Padden FJ (1963) A phenomenologi-
cal theory of spherulitic crystallization . J Appl Phys 34, 
2409-2421. 
[4]. Kuhn H, Ulman A (1995) Supramolecular as-
semblies: Vision and strategies. In: Organic Thin Films 
and Surfaces: Directions for the Nineties . Ulman A 
714 
1.00 2.00 
1.00 2.00 
(ed.). Academic Press, Boston. pp. 1-7. 
3.00 
2.00 
1.00 
0 
3.oo µm 
2.00 
1.00 
0 
µm 
[5] Litvin AL, Samuelson LA, Charych DH, Spevak 
W, Kaplan DL (1995) Influence of supramolecular tem-
plate organization on mineralization. J Phys Chem 99, 
12065-12068. 
[6] Litvin AL, Samuelson LA, Charych DH, Spevak 
W, Kaplan DL (1995) Liquid crystalline texture in gly-
cine-modified diacetylene Langmuir monolayers at room 
Organic thin films with hydrogen bonded networks 
temperature. J Phys Chem 99, 492-495 . 
[7] Litvin AL, Samuelson LA, Kaplan DL, Sung C, 
McCarthy PM, Charych DH , Spevak W (1995) Lang-
muir films of amino acid-modified diacetylenes as organ-
ic templates for biomimetic minerali:zation. In: Smart 
Structures and Materials 1995: Smart Materials. Jardine 
AP (ed.). Proc SPIE (Bellingham, WA) 2441, 54-60 . 
[8] Mann S (1996) Biomineralizationand biomimet-
ic materials chemistry. In: Biomimetic Materials Chem-
istry. Mann S (ed.) . VCR, New York. pp. 1-40. 
[9] Overbeck GA, Honig D, Wolthaus L, Gnade M, 
Mobius D (1994) Observation of bond orientational or-
der in floating and transferred monolayers with Brewster 
angle microscopy. Thin Solid Films 242, 26-32. 
[10]. Tsukruk W, Reneker DH (1995) Scanning 
probe microscopy of organic and polymeric films: From 
self-assembled monolayers to composite multilayers. 
Polymer 36, 1791-1827. 
Discussion with Reviewers 
Reviewer I: How were the wafers made hydrophobic? 
Authors: Substrates were cleaned by ultrasonication , 
first in hot chloroform for 15 minutes and then in a hot 
1:1:5 solution of Nll.JOHIH20 2/H20 for 30 minutes. 
After rinsing in Millipore water and drying in nitrogen 
flow, the surfaces were rendered hydrophobic by placing 
the substrates in atmosphere of l,l,l,3,3,3-hexa -
methyldisilazane for 24 hours. 
Reviewer II: Variations in the monolayers thickness 
could be related to the roughness of the substrate. 
Authors: All silicon wafers used had atomically smooth 
surfaces with a typical microroughness of about 0.15 nm 
within a 1 µm x 1 µm area. This is smaller than the 
thickness of a monolayer . 
Reviewer ID: It would be helpful to have some expla-
nation of the contrast expected in Brewster angle micros-
copy with respect to the orientation of the molecular 
optic axis. 
Authors: Figure 2 shows formation of large domains at 
low pressure where the water subphase appears as a 
dark strip. The denser domains in a monolayer appear 
brighter than the ambient subphase. This contrast arises 
from the formation of a monolayer with a refractive in-
dex different from that of the subphase. The monolayer 
areas with different molecular orientation exhibit strong 
optical contrast which indicate areas of constant chain tilt 
(12]. BAM limitations with regard to the interference 
pattern caused by the optical components of the system 
and the coherent laser light should be taken into account. 
By watching the video display during formation and 
compression of the monolayer, this pattern and the solu-
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tion subphase (black area) can be clearly distinguished 
from the signal produced by the monolayer. This is 
more difficult when looking at a particular snapshot. 
Despite this limitation , BAM has been successfully used 
since its invention (12] for qualitative and quantitative 
monolayer characterization (5, 6, 9 , 11]. 
Reviewer II : Why are the holes in the monolayer in 
Fig . 5 not randomly distributed? 
Authors: Presence of an amorphous hallo in a Fourier 
transform (diffraction image) of the AFM picture shows 
certain correlation in distribution of characteristic 
features (holes in our case) on the surface of the film. 
This correlation is not strong and includes only first 
coordination circle of neighbours. Nevertheless, it is 
well pronounced and can be clearly distinguished from 
the case of random distribution . This is very interesting 
observation and further work is now in progress to 
understand this phenomenon . 
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